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1 Introducuion

During the RHIC workshop we were only able 1o consider the case of gold jons,  We
usedd the program ZAPY to evaluate the conpled buneh modes for the ease of 57 equally
spaced bunches with the Sacherer Zotter formalism assuming parabolic hunches. The
sonrees ol compling impedances acamed were space ebarge, resistive wall, hroadband,
and el cavity hslonental aned parasitic modes, Generally the stidies assimed o stain
less steel vaewmm clizanber, but we did peetarm s compariscon mn using a stainless stee|
clivmber internally conted with o thin cold capper Taver. Phese Tntter investigntions
were motivated by the proposal for coatine which wonbid reduce parvasitic wall heating

i the viacanm chambers in the sapercondn tine dipoles,

Livestieations were cartied ant i haoth e o chinetie enerey ol LT GeV amm



Table 1: Fixed Machine Parameters (RIHCY)

Circumfereace ARA3.8T m
Betatron Tunes Q,, Q,, | 28.826, 28 822
Averapge 3.3, B
Beam Pipe Radins 36 mm
Transition Gamma 204
lon Charge 70
lon Atomic Mass Number 197
Mass per amn 0.93126 GeV
Number of Bunches o
Number lons pes Bunch 10"

and at tinal energy (kinetic energy of 100 GeV/amu) for gold. For the former case we
nsed the design harmonic 342 of system copsisting of six cavities, each providing 200 k V.
Higher order modes were provided durt g the workshop and they were incorporated in
the runs. At the final energy we considered both the v 342 system, and a proposed
I 2736 system with higher-order modes taken from measurements at CIERN;? i this
fatter case the net rf voltage was 15 NIV, In Fable | we hist the energy independent
parameters used by ZADP.

2 The Effect of a Cold Copper Coating on The In-
side of The Stainless Steel Chamber

Studies of transverse resistive wall instbility were carvied ont solelv at the injection
Kinetic energy (1007 GeVVZamua). The noachine was nastable for the rigid dipole modes
o ) at the dowest freguencies U ok, 0« 0 Qo where ky, the immber of hanches
("7 n s DX and fy s the revolunion trequeney of @3 KHe o Table 2 heis the
factest prowth rates for (a) o stainless el hamberand (h) o stamiless stee! chiantee
with o thin (2% micron) deposit of cold apper o the e walls s nsiad the crowth
ride (1) is the iaganary part ol the comples eguency <nfe e o The eplicit

fermmbas for the frequeney slult e presented e the appendin.



Table 2: Transverse Resistive-Wall Growth Rales

s I 1 see D/ (see )
&8 ss with co

2% | 0.178 2366 0,66

27 | 1178 9,04 0.25

206 | 2,178 6.07 0.18

25 | 3178 n.35 0.15

21 [ 4178 15N 0.13

The program ZAP assumes a wall thickness of one skin depth. One should nse
the minimmn of the skin depth or the actual wall thickness (1.65 mm); therefore the
growth rates for s--2R (appearing in Table 2) have to he inereased by about a factor
of 1.8, Thus the modified growth rates for s 28 are 43 see ! for stainless steel and
1.32 sec ! for a cold copper coated chiauuber, We reaiize a factor of approximately 33
improvement by using a cold copper coating on the inside of the vacnum pipe aronnd

the entire circamference.

3 Studies of the Transverse Coupled-Bunch Insta-
bilities

In all cases we took the vacuum chiimber tao he stainless steel thronghont in RHTC and
o hiave o heam pipe radins of 36 . Contributions to the conpling impedanee were
taken to arvise from space charge, resistive wall, hraadband and higher-order parasitic
cavity modes, The higher order modes as ealenlated hy VRATELY are listed for the six

I 312 cavities in Table 35 these are the dominant pavasitic modes,

The chromaticitios were set ta zera in the ZA1 rans, Initially we considered the
case at injection energy. Phie parameters for the rmns are the pins geometic enuttanes
area 183 - 1007 the s v dative momentim spreivl o, of 68010 Ve the vims
bl lenethe o ol 00610 e The sinall ataphicnde s vieloatean tune Qs delined In

Py ey, e where s, 5 aed RO the averaee radins of the machine, We
had O, A3 - 10!



Table 3: Transverse Parasitic Modes Used in ZAP for the 1122342 Systen)

w, (10%adians/sce) | RT (Mohm/m) Q
3123 3.60 15600
3401 H.10 14700
3666 6.30 13800
IR0 6.00 12600
1132 T.0h0) 13800
4408 9.60 15600
4707 10.50 16200
4971 7.20 14700
Hh366 1.62 17100

It turred out that the motion was unstable with growth rates as given above in
Tahle 2 for stainless steel. The resistive wall contributions are dominant. The space
charge term gives rise to a significant real frequency shift Re Awly = 1.63 x 101, The
Landau damping calculation is not performed in ZAD for parabolic bunches, Therefore
we redid the calenlations assuming a Gaussian hunch using the Wang formalising i we
include a nonlinear tune spread ag of 5~ 10 2 then the rigid dipole motion is stabilized
for all frequencies, This condition s simply | Qw,' | - 0.7776 wyoy. We cannot. rely
on tune spread from a nonzero chromaticity to stabilize the beam because the time for
one synchrotvon oscillation is 3.9 msee, much shorter than the fastest growth time of
A2 msee (see Table 2)0 The tune spread gquoted above (5 - 10 %) is a bit excessive,

The preferved solution is a low frequeney transverse damper.

[dentical studies were carvied ont at the final kinetic energy of 100 GeV/amu using,
the 342 of system with 1.2 MY /tuen and the higher order parasitic modes given in
Table 30 o this case the rms geometrie cimittanee area was [0 v 10 * o, T, was
A 10 e was 001N L and Q. was 062 - 10 The prowth rates and real
frequency shifts for the fastest instabilities are preseated in Table (1 Apain these are
for the rread dipole mode anly, The vadoes Tor the prowth rates at s 28 <hould e

multiphied by 1S (e above),

The <itwation al hicher enerey s improved over the pesnlts seen at the injection



Table 4: Transverse Coupled-Bunch Instability Growth Rates at 100 GeV/amu with
h-. 342 System

8 ;” Re Aw!y 1/t
(1/sec) | (1/sec)
W07 18s | 27a
27 | 117N 1863 1.04
26 | 2.17R IR7 .76
25 | 31TR 1R7 0.62
..’.1J 4.178 IRT ().53

kinetic energy of 10.7 GeV/amu  the growth times for instability are a factor of R 2/3
longer and the real frequency shifts are down significantly.  In fact, stubilization can
be achieved with an rms tune spread ag of 0.5 < 10 . Of course, we might as well
wlilize the transverse damper which appears to he required at the injection energy.

As stated above we explored the situation with the b 2736 f system operating with
5 MVL The higher-order parasitic modes were assimed to he identical to those of the
C RN design which incorporated 200 MHz cavities with two coaxial higher-order maode
couplers.” ‘Table h lists the transverse parasitic modes used in the ZA™ ealeulations

(asstunmng 16 cavities with 1| MV each).

The valnes of the shunt resistances represent the most pessimistic values expected,
namely that all cavities are identical, The ZAD? runs were carried ot for the P 2736
system. The I 342 system is assumed 1o be transparent (shorted ont?) in these
studies, As before we consider impedance contributions due ta space charge, resistive
wall and the parasitic cavity maodes given o Table 500 We also inelnded a hroadband
@ 1 resomator with peak Zg /i 10 oliuns: the peak s at an angular frequencey @ e/h
where hiic the heam pipe radins (36 mmi. The conversion toa transverse impedance
15 performed via the nsaal relation 7, (7. ) - RN The new longitadinal
parameters naed were o, 1005 - 10 e 0 EEF ol O, 630 10 The pesnlts
lor the vrowth rates were essentiallv identical to those Shown i Table 1 However
the real [requesney Infts obtained were of the arder of 600 the rn wis |'|'|M'.'||-'(| fon
Cansstan banehies with resultinge feegquenes sIalts ol the ovder ob 1750 Anorms nondinein

tine spread og of approximately F0 10 adhierent to provadde Fandon dampanye.



Table 5: 'Transverse Parasitic Modes Used in ZAP for the h - 2736 System

w R Q
(~ 10" (Mohm/m)
radians/sec)

2482 25.60 1900
321! 17.530 2600
32R0) | RoAh 1900
3625 1.33 R0
4201 S0 3600
4279 13.6H 1400
1142 32 H1O0
AT60 | 02 1100

4 Studies of the Longitudinal Coupled-Bunch In-
stabilities

The analysis closely parallels that given above for the transverse imodes.  The bunches
are assumed to he parabolic with the complex frequency shifts heing calenlated us-
ing the Sacherer-Zotter formalism.  The imaginary part of the frequency shilt is the
growth rate of the instability (170, The relevant formulae are contained in the ap
pendix. Contributions to the lougitudinal coupling mipedance were assumed to arise
from a stainless steel resistive wall thronghont, longitudinal space charge, the of cavity
fundamental, an equivalent broadband Q1 re<onator with angalar frequeney o, o/b,
and assumed vl cavity parasitic modes. The hroadband impedanee 7, /0 was chiosen
lor each . The |mssi|»|1' ﬁ‘l'.’|l|"ll(‘il's ol unstable osaillations are (p ki, + ~ ia (.2.)'},
where by is the nimber of hunches (h7), pos ooy integer, s isaninteger 0« ky, 1,Q,
is the small amplitade syochrotron tune and s the osetllation maode; a1 for dipole

motion. a2 for quadrapole maotion. et

The st rons were af the mngection hoete epepey ol 1000 GeN oy Ton pold. The
Ieimental s Fsestem was assimmed (h S wthan natal ol lrequeney of 200657 NHz,
The ill|)||| |H|l‘illl|""'l'.‘~' are as in sable bowith thiose used above lowr the tranesverae case:
A

rins reotnetrie et tanee area of 130 O 2., s -t oande, 06w he



Table 6: Longitudinal Parasitic Modes Used in ZAP for the - 342 System

wy R, Q
(- 10% (Molimx)
racdlians /sec)
HOR H.RH nuis
Nhi 274 6933
1192 I ¥ 7730
1IR30 | 095 | RT6T
1847 0.79 10433
22041 .64 12120
RAYEL .60 134(K)
20079 0.55 143313
3337 0.51 14R6GT
J69R 0147 14600

total shunt resistance for the rf indamental was 16.62 Mohm with a loaded Q 3967,
The higher-order parasitics were abtained from the URMEL run described above  they
are listeel in Tab.o 6 (ass uning six cavities carrying 200 kV each at the fundamental).

The results of the ZA runs are presented in Table 7 for the modes with the largest
growth rates for longitucinal coupled bhuneh instabilities. ‘The results are shown only
for coherent dipole motion (a0 1); the broadband 7 /n was taken to he 0 ohims for this

CiNe,

Table 7: Longitudmal Coupled Buneh lustability Resolts at Injection Energy in RIIC

~ “' ._\-l-..l I 1
|| o .||m'l)

| TS 17.9%
D (| A0
I~ oy i DO
" 1o |} L



‘able R: Longitudinal Coupled-Bunch Instability Results at 100 GeV /amu Using, the
h =342 Svstemn

s | Re Au)l,li., I/
(1/sec) | (1/see)
R -4.60 70.4
33 2711 23.8
Ah -nh21 3.1
34 1118 1.6
Y| 10.22 1.5

The instability results for the five fastest frequencies indicate that the heam is gen-
erally unstable with worst case growth times of approximately 21 msec. Furthermore
we have rerun ZAP with just one parasitic resonator but with variable frequency s as
to lock on directly to an integral multiple of the revolution frequency; we used the irst
one listed in Table 6. The fastest mode had s--46 and the growth rate increased trom
31.62 to 340.1. 'Thus we can expect that in the worst cases some of the growth times
conld be up to 10~ worse than the values shown in ‘T'able 7. Unfortunately the bunch
length is too small to provide enough synchrotron tune spread for Landau damping of
the instahilities. The test for Landan damping used in ZAP requires that

¢

Ik ) Qe

I
I
[l |

[or the colierent dipole mode  {or the present conditions this means | .'_\u.'LI| |- 5.9 for
damping to oconre. For satisfactory operation feedback would be required as well as

running in between the parasitic frequencies,

Moving np to the tap kinetic encrey of 100 GeNanm, we tepeaded Cthe same staddies
with the same vl systenn inehnding, the parasitic modes listed o Table G, This time the
rims geometrtic enntance was taken to be 151 - 10 " mm o, 508 - 10 Toas 047N,
and the resaltie synchrotron tune Q0 0.6 10 " oo peak voltage of 12NV The
results for the rigid dipole motion are presented o Table S0 A above we present the

cases for the live Tastest growth rates. The hroadlund 7, 1 was taken to bhe O olims.



Table 9: Longitudinal Parasitic Modes Used in ZAP for the 1-2736 System

Wy R, Q
(x 10° (Mohin)
radians/scc)

1923 ] 0960 | 4000
2802 0.165H 1400
3393 0.000 540
3761 1.h15 1200
4725 0.008 520
5020 0.210 1100
5328 0.07hH 4700
6183 2.355 26200

We see that the motion i5 again unstable, due primarily to the parasitic modes with
fastest growth time of the order of 14 msec. The lirst resonator listed in Table 6 is di-
rectly responsible for this case: The frequency of the resonance heing f=(18*57 + 8)* fo.
As we saw above for the injection encrgy, thiere is still insullicient synchrotron frequency
spread to provide Landau damping against these instabilities; the ratio of the areas of
the bunch to bucket are just 0.1 at the end of acceleration. The requirement for Lan-
dau damping is | Aw,; | = 1.37, but the computed vilue of | Aw, | is 74 for the worst
casce (s—8).

Next we consider the longitudinal stability for inclusion of the high frequency rf
svstem, whicli is the h:-2736 system at the top energy. The fundamental rf frequency
is 21:3.933 MHz and the assumed net voltage is 15 MV (peak); the total shunt. resistance
i< 130.575 Mohm and the Q is 46800,  We tacitly assume thal the low frequency rf
system is transparent. (nonexistent) for these calenlations, The higher-order parasitic
modes are adapted from the CERN work™ and are listed in Table 9 (the numbers refer
to 15 cavities with 1 MV each).

The valnes of the shunt resistances again represent the pessimistic case where all
cavities are identical. The ZA1 runs were carvied ont as deseribed above and we first
performed the runs assuming a broadband Z;/n of 0 olims. The results for the rigid

dipole motion (a 1) for the five fastest prowth rates are listed in Table 10



Table 10: Longit-adinal Coupled Bunch Instability Results at 100 GeV/amu Using the
h=2736 rf System

s | Re Aw_‘,lll 1/t
(1/scc) | (1/sec)
23| 728 |43 (d)
38 -0.8 | 3.4 (d)
2 50 |24 (d)
5| -1.6 | 1.6 (d)
2| 02 |09

All of the instabilities are damped (d) by synchrotron frequency spread by virtue of
the increased ratio of bunchi/bucket area. We increased the broadband Zy/n in steps
until the damping was lost hecause of increased values of Re(Aw,,;1); when Zy/n is in
the range of 5-10 ohms (and above) the damping is lost. According to Table 10 the
growth rates for the rigid dipole modes are of the order of 17 times smaller than those
for the case of the h—=2342 rf system.

5 Discussion

The comments which follow are strictly true for RIHIC with a fill of 5.7 x 10! gold
ions; a repeal of our analysis with protons needs to be performed.

With regard to transverse conpled-hunch instabilities it appears that the worsi case
growth rates are generated by the resistive wall instability, A low {requency transverse
damper is recommended for stabilization.  Use of i cold-copper coating on the inside
of the stainless steel vacuum chamber reduces the growth rates by a factor of roughly

304016 we assume a coated chamber around the entive cirenmflerence.

The situation in regard to the longitudinal coupled -hunch instabilities is not qnite
so cleary assumption of parasitic modes for as vet unbuilt cavities entails some amount
ol uncertainity.  Nevertheless one has to vespeet the potential havn of these narrow
band “resonators.” One should endeavar 1o keep the hroadband Zy/n o alow value

[or the ring. say of the order of o few ohims, There appears to be a negative aspeet



of using the h=342 system of six cavities with 200 kV cach as described in the RHIC
proposal, namely that the ratio of hunch to bucket area is too smnll to provide Landan
damping against the worst iustabilities. More recent developments may change this
scenario in the future and these coupled bhunch analyses will have to be repeated. The
higher frequency rf system aflords ample synchrotron frequency spread so as to Landau
damp the worst modes, as long as we maintain a modest strict impedance budget. In
any case we should assume that some longitudinal dampers will be necessary in RITC.
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APPENDIX

Calculation of the Complex Frequency Shifts

All of the information in this appendix was obtained from the ZAP users mz aual'.

e Longitudinal Coupled-Buncl Instability:

The varions impedances in the ving, especially the narrow-han.d (high Q)
resonances of the rf cavity parasitic modes will excite coupled-bunch normal
modes of the beam.  'The unperturbed modes of the beam have angular
frequency wy, = (P ke | s | 8 Qu)we where pis any integer, ky, is the number
of bunches (57 for RIC), s is the longitudinal mods number 0 - s+ k-1, a
represents the motion i longitudinal phase space (a -1 for the rigid-dipole
mode, a2 for quadrupole, ete), and Q, is the small ampiitude synchrotron
tune. The revolntion angula frequeney wy 3 ¢/R where Ris the effective
machine radins (610,18 m). 1o the heam frame the frequency of mode
(s,) is aQuwy  aw,.  Interaction of the heam with the ring longitndinal
impedance Zy(w) causes a complex frequeney shift Quw, . The real part of
Auw,, is the real coherent frequeney shift, 1 the imaginary part of Awl s

positive, then the heam is unstable with prowth rate equal to Im(AW! ).

Fallowing the ZA1 users mannal we write the complex frequeney shift

c o, Dt Z01
Awl , bl . I |
! ( a o ) ST AR P AL, B A I [ O T (h
where Ipas the huneh averave electenal conrent (I, Nhigely), gy, Ty

o the total Tength of o baacho (1 2 2 oy o parabolie hunch), By is the
total relativistic enerpy of The don i guestion,and Che eleetive Toneitadinal



p ]
A )

cor . \
l/”] il h {w) fun) ())
n rff 5_:,:-‘. ~ h,,(WH)

We use the Sacherer-Zotter formalism with this approach.  The spectral

power densities are given by

| 1)"cos L
holw) (a1 1)’[ ; . ! (w”")-_s]- (4)
[ ) e l)’]

The impedances indicated in Fqg. A2 are the standard ones appropriate to
space charge, -esistive wall, bhroadband, rf cavity fundamental and high Q

resonators.

Transverse Coupled Bunch Instability:
In this case we restrict ourselves to the rigid-dipole motion ony (a 0). 'The
unpertierbed modes, when observed in the laberatory at a fixed location, will
have angular frequencies given by w i (p k131 Qy)wa where Q,, represents
the transverse betatron tune. o the bheam frame the frequency of mode
sat will be wy Quua. The perturbed frequencey of coherent oseillation is
modified from the unperturbed value by the complex frequency shift A,
caused hy the ring transverse impedanee Z,(u),,' ). 'The frequeney shilt s
given (for a parabolic hbunch in the Sacherer Zotter formalism) by

", | % TR

-\u.'l . 7 A
0 ! .“hl"( ,’ /'_”‘ ) Vet t |
where the effective fransverse impedanee is obtaimed nsing
WM el
;/'ll".{ll K o , :' . ) ‘-ll
' T " hnl-x",' why )
e ||Ili||||||it-~. ' |-',.|' () ove waven In



and

£ Q,/ldp/p)

Here hg(w) is the same hunch mode spectrnm defined for the longitudinal

case, except that it is shifted by the chromatic frequency we.



